Introduction
In pancreas, a transient burst of β-cell replication occurs around birth. Moreover, a temporary rise in β-cell neogenesis is followed by functional maturation of the endocrine pancreas (1) . In the period shortly before and after birth the pancreas goes through major changes resulting in the aggregation of endocrine cells into islets of Langerhans followed by the functional maturation of β-cells (2) (3) (4) (5) . The exocrine cells of the pancreas are activated as the nutrition changes to lipid and carbohydrate rich milk.
Trefoil factor 3 (TFF3, also known as intestinal trefoil factor, ITF) is a small mucin-associated protein (6) expressed in the intestines (7) , the airway epithelia (8) , kidney and pancreatic β-cells (9, 10) .
TFF3 has multiple actions on mucosal epithelial cells, such as anti-apoptotic effects, intestinal cell migration and adhesion, bronchial cell migration and plays a major and necessary role in the repair processes in the gastrointestinal tract (7) . TFF3 increases cellular adhesion and migration in a number of different mucosal epithelial cell line models: Human colon cancer cells (11, 12) , bronchial epithelial cells (8) , as well as primary intestinal and corneal epithelium of mice (13, 14) . Although no specific receptor has been conclusively identified, TFF3 administration has been shown to cause changes in intracellular signaling pathways and phosphorylation of the epidermal growth factor receptor (EGFR), β-catenin (11, 15) , and decreased activation of the MAP kinase pathway (16) . β-cells of human and rat pancreas express TFF3, which is upregulated by growth hormone (GH) in the rat, and increases spreading of neonatal rat islets of Langerhans (9) . In human development, TFF3 co-localizes with insulin and glucagon in gestational week 14 (9) . However, there has been no investigation of the expression or role of TFF3 in pancreas during late fetal development.
The aim of this study was to examine the localization and possible functions of TFF3 in perinatal rat pancreas and neonatal islets of Langerhans. Major changes in islet function and structure take place around birth, where the islet cells migrate into firm islets, mature and progressively become more glucose-responsive (4, 17) . Based on the role of TFF3 in intestinal cell migration and restitution, we hypothesized that TFF3 is involved in migration or adhesion of β-cells promoting the generation and maturation of islets occurring at birth. The rate of β-cell replication in the perinatal pancreas is an order of magnitude larger than in the adult pancreas. It is thus relevant to identify the physiological mechanisms responsible for this large expansion of the functional β-cell mass in order to identify points of intervention for the treatment of β-cell failure during type 2 diabetes or for generation of β-cells as a supply for β-cell replenishment in type 1 diabetes.
Results

TFF3 is upregulated in rat pancreas at the day of birth and is increased by fetal malnutrition
Using an array data-set of mRNAs expressed and regulated in rat perinatal pancreas over the time course of embryonic day 20 (E20), at the day of birth (P0) and postnatal day 2 (P2) we identified Trefoil Factor 3 (TFF3) as a transcript upregulated specifically at P0 (18) . The expression levels of TFF3 mRNA were verified by qPCR ( Fig. 1A ). TFF3 was upregulated 4.5±0.7-fold at P0 compared with E20 (p<0.001) and decreased again at P2 to the level found at E20. TFF3 expression was further increased to 9.7±0.4-fold at P0 in a low protein (LP) fetal malnutrition model compared with the 4.5±0.7-fold up-regulation in the control animals (LP P0 vs. Ctrl P0, p<0.001) ( Fig. 1A ). In the low protein model TFF3 expression was also temporally prolonged and was increased also at P2 (Ctrl P2 vs. LP P2, p<0.001).
In perinatal pancreas TFF3 protein is expressed throughout the exocrine and endocrine tissue and a substantial part of the signal originates from non-endocrine tissue (exocrine, fibroblasts, ductal tissue).
Images from P0 are shown in Fig. 1B and the punctate staining pattern is similar at E19.5 and E21.5. In endocrine cells TFF3 is co-expressed with insulin but not with glucagon ( Fig. 1B) .
Effects of TFF3 treatment on ex vivo cultured fetal pancreas
In order to test the effect of TFF3 in fetal pancreatic cells, ex vivo pancreas cultures were established using the method of Hellerstrom et al. (19, 20) , in which fetal rat pancreas is dissociated by collagenase and cultured for up to 7 days. During this period the exocrine cells degenerate/dedifferentiate and β-cell mass expands. Islet-like-structures consisting of >90% β-cells form and differentiate into glucose-responsive mature islets, which grow on top of a proliferating layer of fibroblast-like cells (FBLCs) (Fig. 2, arrows) . The special feature of this perinatal or fetal pancreas culture model is that cells retain their identities and cellular program. Thus, among the exocrine and fibroblast cells forming a monolayer, islets sprout up and grow for a period of up to one week. The islets are easily separated from the fibroblast cell layer by pipetting. This culture system can be used to model the growth and functional maturation of the endocrine pancreas observed in vivo in the perinatal period.
Ex vivo fetal (E19.5) pancreas culture was treated with TFF3 protein in order to investigate the effects of TFF3 on cell morphology and various islet markers. After 24 hrs of culture (day 1), FBLCs were visible in the periphery of the islets (Ctrl: Fig. 2B and TFF3: Fig. 2E ). TFF3 had morphological effects on islets, which form more extended and spread-out structures at day 2 and 4 ( Fig. 2E -F). We have previously observed that TFF3 mediates spreading of islets using neonatal rat islets and adult human islets (9) . Thus, this effect of TFF3 is conserved in the ex vivo fetal pancreas culture system.
Effects of TFF3 on insulin, Pref1 and Afp mRNA levels in ex vivo cultured fetal pancreas cells
We investigated the effect of TFF3 on markers of differentiation and maturation of β-cells in the fetal ex vivo cultured islet cells. TFF3 treatment significantly increased insulin mRNA levels in islet cells at day 2 (5.9±1.1-fold) and at day 5 (24.7±2.7-fold) compared with control at day 1 (2.2-fold compared with Ctrl at day 5, p<0.001) ( Fig. 3A) . In FBLCs the level of insulin mRNA was low and decreased over time (p<0.01), and the effect of TFF3 vs. Control was limited to day 2 where TFF3 treated cells expressed less insulin mRNA (0.4-fold vs. Ctrl.) ( Fig. 3D ). TFF3 did not affect insulin mRNA expression in neonatal rat islets (data not shown).
TFF3 upregulated Pref1/Dlk1 mRNA levels at day 1 (by 3.7-fold, p<0.05) and at day 5 (by 2.8-fold, p<0.001) in the islet cell fraction ( Fig. 3B ), whereas in FBLCs there was no significant effect of TFF3 ( Fig. 3E ) and transcript levels of Pref1/Dlk1 decreased over time. Alpha fetoprotein (Afp) is regulated perinatally in liver (21) and was tested in the fetal pancreas culture model. TFF3 treatment increased Afp mRNA levels markedly on day 2 (19-fold, p<0.01) ( Fig. 3C ). In FBLCs the relative mRNA level of Afp was lower than in islet cells, decreased during the culture time and were decreased by TFF3 treatment (p=0.0005). There was no impact of TFF3 on mRNA levels of Musculoaponeurotic Fibrosarcoma Oncogene Homolog (Maf) A, MafB or neurogenin 3 (Ngn3) (data not shown).
Basal insulin secretion from these cultures was unaffected by TFF3 ( Fig. 4A ) and there was no effect of TFF3 treatment on insulin secretion by neonatal rat islets ( Fig. 4B (low glucose, 2mM) and Fig. 4C (high glucose, 20mM)) confirming our previous results (9) .
TFF3 mRNA regulation in ex vivo cultured fetal pancreas
TFF3 mRNA levels were measured at different time-points during the culture period in sprouting islets and FBLCs. TFF3 mRNA levels increased1.6-fold by day 4 and 3-fold up-regulation by day 5 vs. day 0 (p<0.01 by 2-way ANOVA) ( Fig. 5 ). Human growth hormone (GH) treatment of fetal cultures markedly increased TFF3 mRNA levels in islet cells: 11.7±0.7-fold by day 4 measured by qPCR (p<0.001)( Fig. 5 ). Thus, in this ex vivo fetal culture system TFF3 mRNA expression levels are associated with the formation of islets. Moreover, TFF3 expression in fetal or immature islet cells appears to be more up-regulated by GH than adult islets, which increase TFF3 levels by 3-fold following GH treatment (9) .
Effects of TFF3 on adhesion, migration and proliferation of clonal β-cells
In order to determine the effects of TFF3 on β-cell adhesion, a real-time cell monitoring system (xCELLigence System) based on impedance was used to measure effects of exogenous TFF3 on cell spreading and growth. A typical experiment with INS-1E cells is shown in Fig. 6A : After seeding there is an initial rise in Cell Index, which corresponds to the initial adhesion of cells to the substrate. This period lasts for up to 2 hrs and is followed by a period of almost linear increase in Cell Index lasting for up to 10 hrs, which can be interpreted as a growth or spreading phase of cells occurring before cell division. TFF3 treatment significantly increased the rate of both initial cell attachment ( Fig. 6B ) (p<0.001 by 2-way ANOVA) and later cellular spreading (Fig. 6C ). The effect on cell spreading is significant at lower cell densities (17% increase at 30.000 cells/well and 30% increase at 50.000 cells/well) but not at higher densities of seeding (60.000 cells/well) ( Fig. 6C) ; this most likely reflects the fact that confluent cell layers are obtained at higher densities of seeding. Thus, similarly to ex vivo cultured pancreas, INS-1E β-cells respond to TFF3 treatment by increasing attachment and spreading.
Impedance measurements do not distinguish between cellular spreading and cellular proliferation, as both features increase the area covered by cells in the growth vessel. In order to determine the effect of TFF3 on cellular proliferation we performed 3 H-thymidine incorporation assays. Addition of TFF3 in various amounts did not increase proliferation of INS-1E cells, whereas addition of fetal calf serum (10%) increased labeling 2-fold (p<0.001 vs. albumin control) ( Fig. 6D ).
Intracellular signaling elicited by TFF3
TFF3 has been reported to induce tyrosine phosphorylation of the epidermal growth factor receptor (EGFR) and β-catenin in epithelial cell types in connection with its stimulation of migration (15) , but this has not been determined in pancreatic β-cells. Immunoprecipitation experiments of EGFR in INS-1E cells stimulated with TFF3 and immunoblotted for phosphotyrosine show a consistent tyrosine phosphorylation of EGFR ( Fig. 7A, B ). The EGFR tyrosine phosphorylation is time and concentration dependent with TFF3 stimulating phosphorylation at 100nM ( Fig. 7A) and showing maximal stimulation after 5 min ( Fig. 7B ).
Immunoprecipitation of β-catenin followed by phosphotyrosine immunoblotting indicates that TFF3 might also dose-dependently stimulate phosphorylation of β-catenin in INS-1E cells, but these findings were not statistically significant ( Fig. 7C ). EGF induced phosphorylation of the EGFR was robust in the INS-1E cell line ( Fig. 7D ). Thus, intracellular signaling using the EGFR pathway was initiated following TFF3 treatment of cells. The phosphorylation of EGFR suggests that TFF3 may enhance cytoskeletal re-arrangements, which is in accordance with its effect on spreading.
DISCUSSION
The regulation of TFF3 mRNA in perinatal pancreas occurs in context with the large change in pancreas and islet function during and after birth, where the nutritional status of the newborn changes. The prolonged and higher expression of TFF3 transcript in the pancreas from the offspring of dams fed a low protein diet during gestation may be a compensatory, though inadequate, mechanism aiming at enhancing β-cell maturation, which is consistent with premature maturation of β-cells in individuals malnourished during fetal life (20, 22, 23) .
Similarly, TFF3 does not induce proliferation of clonal β-cells ( Fig. 6D) , which is concordant with earlier findings in isolated islets (9) . Thus, the increase in Cell Index by TFF3 treatment is due to an increase in cell attachment and spreading rather than an increase in cell number ( Fig. 6B and Fig. 6C ). These findings are in contrast to Fueger et al. (10) , who found that adenovirus mediated TFF3 over-expression in β-cells lead to proliferation. This may indicate that endogenous TFF3 could have different functions than exogenous added TFF3. When TFF3 is administered as a recombinant, purified protein, it does not increase proliferation in INS-1E cells, underscoring the observation that TFF3 increases adhesion and spreading of βcells. Cellular spreading was also increased by TFF3 in the ex vivo fetal pancreas culture system (Fig. 2) , coinciding with a marked increase in the expression of insulin mRNA (Fig. 3A) in the sprouting islet cells.
However, since insulin content was not measured in these experiments, it remains to be determined if the actual insulin content is increased by TFF3. Also, TFF3 treatment did not increase insulin secretion from ex vivo cultured fetal pancreas (Fig. 4A ) or rat neonatal islets ( Fig. 4B and Fig. 4C ), in accordance with previous data (9) .
There could be a limited perinatal time window for the action of TFF3, which mirrors the remarkable upregulation of TFF3 transcript on the day of birth. TFF3 treatment seems to accelerate islet cell maturation during the culture period: Insulin mRNA levels in TFF3 treated islet-fractions at day 2 are at level with control levels of insulin mRNA at day 4 (Fig. 3A) . Pref1/Dlk1 mRNA levels in TFF3 treated islet-fractions at day 1 are at level with control levels of Pref1/Dlk1 mRNA at day 3 (Fig. 3B ).
Pref1/Dlk1 is among the 10 most β-cell enriched transcripts (24) and is highly expressed in β-cells in the perinatal period and in pregnancy and is upregulated by GH and prolactin (25) very much like TFF3. Pref1/Dlk1 was recently shown to induce differentiation of pancreatic ductal cells to insulin producing cells (26) . Pref1/Dlk1 has been shown to act as a non-canonical inhibitor of Notch1 (27) and is therefore conceivable that both TFF3 and Pref1/Dlk1 contribute to β-cell development. Membrane bound Pref1/Dlk1 inhibits the growth of adipose tissue by inhibition of preadipocyte proliferation (28) and over-expression of Pref1/Dlk1 inhibits proliferation of the clonal β-cell line RINm5F (29) . However, the proliferation and protein synthetic activity of neonatal -cells did not differ between high and low Pref1/Dlk1 expressing cells indicating that Pref1/Dlk1 is not a direct regulator of -cell maturation (30) . In neonatal islets, the expression of Pref1/Dlk1 was higher in the low insulin containing cells and vice versa (29) . Furthermore, TFF3 was highly expressed in adult human pancreatic duct cells (9) and over-expression of Pref1/Dlk1 promoted the differentiation of pancreatic ductal cells to insulin-secreting cells (26) . Thus, the increased Pref1/Dlk1 expression promoted by TFF3 in the ex vivo fetal pancreas culture model (Fig. 3B ) may suggest that both factors have permissive functions in β-cell differentiation. The stimulation of EGFR activation by TFF3 is shared with several β-cell growth and differentiation factors like GLP-1 (31) and placental lactogen (32) . Thus EGFR activation seems to be required but not sufficient for proliferation and differentiation of βcells and may therefore play a permissive role in these processes.
Interestingly, liver TFF3 expression was shown to be highly suppressed by galactose metabolism and after high fat-high sucrose feeding (33) , which is in accordance with the down-regulation of TFF3 levels observed in pancreas at P2 (Fig. 1A) . However, the specific metabolites and/or transcriptional pathways controlling the TFF3 response to nutrients have not been identified (33) . Since the low protein malnutrition model shows delayed β-cell development and fewer adult β-cells (22, 23) , the increased levels of TFF3 mRNA may be a compensation, which promotes β-cell maturation in order to cope with physiological demands for insulin after birth. In the case of fetal low protein malnutrition, however, this maturation then occurs before enough β-cells have formed resulting in a lower number of β-cells in the mature pancreas. Thus, we suggest that TFF3 could be a useful factor in promoting maturation of in vitro generated β-cells from embryonic or pluripotent stem cells possibly in synergy with Pref1/Dlk1. However, the specific molecular mechanisms remain to be determined.
Materials and methods
Materials
Chemicals were from Sigma-Aldrich and media from Invitrogen/Life Technologies unless otherwise stated.
Human GH was a gift from Novo Nordisk A/S. Recombinant rat TFF3 and antibodies for TFF3 have been described (9, 34) . Antibodies or staining reagents: anti-EGFR (sc-03, Santa Cruz Biotechnology), antiphospho tyrosine 4G10 (05-321, Millipore), anti-β-catenin (610153, BD Biosciences), anti-insulin, anti-rabbit and anti-mouse HRP or AP conjugated antibodies (DAKO).
Perinatal tissue sampling, cell culture and tissue treatments
Time-mated Wistar rats (age 10-11 weeks) (Taconic Europe) were transferred to local facilities at least one week prior to experiments. Animals had free access to food and water and were kept at a 12 hr light-12 hr dark cycle. Two isocaloric diets were used: Low protein diet (8% casein; LP; Hope Farms 4400.00, Woerden, NL) or Normal protein (20% casein; NP; Hope Farms 4400.01) (23) . Rats were killed at embryonic day 20 (E20), postnatal day 0 (P0) and P2, offspring decapitated and their pancreas removed and placed directly in cold TriReagent (SigmaAldrich) for subsequent RNA isolation. The animal handling and experiments were approved by the local animal care and use committee and approved by the Animal Experiments Inspectorate in Denmark. Thus, all institutional and national guidelines for the care and use of laboratory animals were followed.
The insulin-producing β-cell line INS-1E was kindly provided by Dr. Claes Wollheim, University of Geneva, Switzerland and cultured as described previously (35) .
Ex vivo cultures of fetal rat pancreas were obtained from embryos at E21.5 according to the procedure described by Hellerstrom et al. (19) . Briefly, embryos were rapidly dissected, pancreata removed and placed in chilled HBSS. Pancreata were subsequently hand shaken for 4 min in collagenase (1.5µg/mL), washed 3 times in HBSS and placed in cell culture dishes (6cm), 4 pancreata per dish in RPMI 1640 supplemented with NaHCO 3 , penicillin-streptomycin, HEPES and 10% newborn calf serum. Cultures were incubated at 37°C in 5% CO 2 , and medium was changed daily. Harvested medium was saved for determination of insulin. Islets and fibroblast-like cells (FBLCs) were harvested separately at day 1, 2, 3, 4 and 5. This was done following media change by carefully suctioning off the islets before harvesting the fibroblasts. Cultures were inspected by microscopy to ensure that all islets were removed and that the fibroblasts remained.
Immunohistochemistry
Tissue samples for immunohistochemistry were fixed in 4% paraformaldehyde overnight and embedded in paraffin. Sections of 3µm were blocked with Protein Block (Dako, Agilent, Glostrup, Denmark), and incubated with primary antibodies overnight (guinea pig anti swine insulin, 1:1500 dilution (Dako, Agilent, Glostrup, Denmark)) and rabbit anti-TFF3 dimer as described previously (9) and secondary antibodies for 2hrs (9) . Unfortunately, due to the scarcity of the material immunohistochemistry was performed only in pancreatic tissue from pups of dams fed a normal (chow) diet during gestation.
Immunoprecipitation and western blotting
INS-1E cells were lysed in RIPA buffer as described previously (36) . One milligram of protein extracts were incubated with antibody as indicated overnight at 4°C. Complexes were precipitated using Dynabeads M-280 sheep anti-rabbit or anti-mouse IgG according to instructions from the manufacturer. The antigens were eluted by incubation for 5 min at 95°C in RIPA buffer containing 0.11 M β-mercaptoethanol and 1x
NuPage LDS sample buffer (Invitrogen). Proteins were separated by electrophoresis and transferred to nitrocellulose membranes by electroblotting. After blocking the membrane was exposed to primary antibody overnight at 4°C (anti-EGFR, anti-β-catenin, anti-phosphotyrosine and subsequently washed in Tris-buffered saline containing 0.1% Tween20, incubated with peroxidase-conjugated secondary antibody and proteins detected by chemiluminescence using ECL plus Western blotting detection reagent (GE Healthcare). Following phosphotyrosine blotting, blots were stripped (Pierce stripping buffer) and exposed to EGFR or β-catenin antibody to ascertain equal loading. Blots were quantified using Fiji (https://fiji.sc/)(37), controlled for loading differences and normalized to the control condition.
RNA isolation and qPCR
Total RNA was isolated using TriReagent according to manufacturer's instructions. The integrity of each RNA sample was tested using an Agilent 2100 Bioanalyzer (Agilent). Samples were only used if the 28S/18S
RNA ratio was >2 and the RNA integrity number was >7. RNA for RT-qPCR was reverse transcribed using iScript (BioRad). Quantitative PCR was carried out using the LightCycler 2.0 (Roche) with the FastStart DNA MasterPLUS SYBR Green I kit according to the recommended protocol. Real-time PCR runs were all performed using the same reaction conditions for denaturation, amplification, and extension [initial denaturation for 15 min at 95°C; three-cycling step for 35-45 cycles: 15 s denaturation at 94°C, 20 s annealing at 55°C, 20 s extension at 72°C]. Gel electrophoresis and/or melting curve analysis were used to confirm the fidelity of the PCR. Rpl13α was used for normalization as its expression is unchanged perinatally (Primer sequences are available on request).
Insulin secretion
Rat neonatal islets were isolated and cultured as described previously (36) . Aliquots of islets (500/dish) were cultured for 1, 25, 49 and 73 hrs with change of media daily and treated with TFF3 dimer (200ng/mL).
The medium was sampled for determination of accumulated insulin. For assessment of insulin secretion 10 islets were pre-incubated 90 min in KRBH supplemented with 2mM glucose, and incubated for another 30 min in KRBH supplemented with 2mM glucose after which islets were transferred to KRBH supplemented with 20mM glucose. The level of insulin in media (from fetal cultures) or KRBH (from islet studies) was determined by competitive ELISA with a rat insulin standard curve (38); the first antibody was rabbit polyclonal secondary antibody to guinea pig IgG, IgM and IgA (1µg/mL, ab8522, Abcam) and the second antibody was guinea pig anti-insulin (diluted 1:300,000 not commercially available). For thymidine incorporation assays INS-1E cells were cultured in normal medium in poly-D-lysine coated 96-well plates for 24 hrs. The medium was then changed into 0.5% serum containing medium to synchronize cell cycle. TFF3 or other stimulators was added and 20 hrs later, each well was supplemented with 1Ci 3 H-thymidine (GE Healthcare). After 4 hrs of incorporation, cells were harvested in an Automash 2000 (Dynex) and counted using liquid scintillation. In all setups internal control conditions consisted of medium with 0.25% BSA or 10% FCS, and all conditions were made in replicates of 3-5.
Assays of cell adhesion, proliferation and migration
Statistical analysis
Results are expressed as mean value ± SEM. Statistical analysis was performed in GraphPad Prism software.
Effects of time or concentration were tested using 1-way ANOVA with Tukey's post-tests ( Fig. 1, 4, 5, 7 ).
Effects of treatments and time/cell numbers were evaluated using 2-way ANOVA with Bonferroni post-tests ( Fig. 3, 6 ). Differences between treatments were considered significant at a p-value<0.05 (two-tailed).
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